Formation of crossovers between homologous chromosomes during meiosis is positively regulated by the ZMM proteins (also known as SIC proteins). DNA damage checkpoint proteins also promote efficient formation of interhomolog crossovers. Here, we examined, in budding yeast, the meiotic role of the heterotrimeric DNA damage response clamp composed of Rad17, Ddc1 and Mec3 (known as '9-1-1' in other organisms) and a component of the clamp loader, Rad24 (known as Rad17 in other organisms). Cytological analysis indicated that the 9-1-1 clamp and its loader are not required for the chromosomal loading of RecA homologs Rad51 or Dmc1, but are necessary for the efficient loading of ZMM proteins. Interestingly, the loading of ZMM proteins onto meiotic chromosomes was independent of the checkpoint kinase Mec1 (the homolog of ATR) as well as Rad51. Furthermore, the ZMM member Zip3 (also known as Cst9) bound to the 9-1-1 complex in a cell-free system. These data suggest that, in addition to promoting interhomolog bias mediated by Rad51-Dmc1, the 9-1-1 clamp promotes crossover formation through a specific role in the assembly of ZMM proteins. Thus, the 9-1-1 complex functions to promote two crucial meiotic recombination processes, the regulation of interhomolog recombination and crossover formation mediated by ZMM.
INTRODUCTION
Meiotic recombination, which is a highly programmed process during meiosis, is essential for the segregation of homologous chromosomes during the first round of chromosome segregation (meiosis I). Recombination generates both crossover and noncrossover (NCO) products (Heyer et al., 2010) . Crossovers, together with sister chromatid cohesion, ensure the segregation of homologous chromosomes by providing the physical linkages between them. Meiotic crossover formation is initiated by the generation of DNA double-strand breaks (DSBs) (Keeney, 2001) . After the ends of the DSB have undergone nucleolytic processing, the recombination machinery uses the exposed tracts of singlestranded DNA (ssDNA) to search for identical double-stranded DNA (dsDNA) sequences. It has been proposed that one of the two ends generated by a single DSB site would engage in a homology search to form homologous joint molecules, while the other end is involved in a later step called 'second-end capture' (Hunter and Kleckner, 2001; Lao et al., 2008; Schwacha and Kleckner, 1994) . Importantly, meiotic cells are equipped with a mechanism that ensures that the exchange usually occurs at the allelic site of a homologous chromatid, rather than with a sister chromatid (Goldfarb and Lichten, 2010; Grushcow et al., 1999; Thompson and Stahl, 1999) . After locating a DNA sequence match is located on the homolog, the ssDNA invades the duplex DNAs, leading to the formation of an unstable D-loop. Then, the D-loop is converted into a metastable joint molecule intermediate (Hunter and Kleckner, 2001) , and further processing of joint molecules gives rise to double Holliday junctions (dHJs) (Schwacha and Kleckner, 1995) . Joint molecule formation occurs preferentially between homologous chromosomes, rather than between sister chromatids (Schwacha and Kleckner, 1994) ; this is referred to as 'interhomolog bias'. Finally, dHJs are specifically resolved into reciprocal crossover products. NCO recombination products are usually generated from a pathway that does not involve stable joint molecule intermediates (Allers and Lichten, 2001; Börner et al., 2004; Hunter and Kleckner, 2001) .
Meiotic crossover formation is facilitated by a group of proteins called ZMM (Zip, Mer, Msh) or SIC (synaptic initiation complex) proteins, hereafter ZMM for simplicity (Agarwal and Roeder, 2000; Börner et al., 2004; Chua and Roeder, 1998; Shinohara et al., 2008) . ZMMs include Zip1, Zip2, Zip3, Mer3, Msh4, Msh5, Spo22/Zip4 and Spo16. Among the ZMMs, Msh4 and Msh5 are MutS homologs (Hollingsworth et al., 1995; Snowden et al., 2004) . Zip3 (also known as Cst9) is a putative SUMO or ubiquitin E3 ligase whose targets have not yet been identified (Cheng et al., 2006) . ZMM proteins localize on chromosomes during meiotic prophase-I, which can be detected cytologically as immunostaining foci. The assembly of some ZMM foci depends on DSB formation and end resection (Agarwal and Roeder, 2000; Chua and Roeder, 1998; Shinohara et al., 2008; Tsubouchi et al., 2006) . However, the molecular interactions leading to the assembly of ZMM proteins on chromosomes are largely unknown. Zip3 binds DNA near sites of DSBs where it promotes local assembly of other ZMM proteins (Serrentino et al., 2013) . ZMM proteins also promote local initiation of the synaptonemal complex (Sym et al., 1993) and coordinate synaptonemal complex formation with recombination (Börner et al., 2004; Shinohara et al., 2008) . The synaptonemal complex is a ladder-like structure consisting of two axial/lateral elements aligned in parallel by a central element (Zickler and Kleckner, 1999) .
DNA damage checkpoint proteins play an important role in the cellular responses to DNA damage (Hochwagen and Amon, 2006) . During the mitotic DNA damage response in Saccharomyces cerevisiae, the Rad24-RFC (replication factor C) clamp-loader complex (also called the Rad17-RFC complex in other organisms) promotes the assembly of a clamp complex composed of Ddc1, Rad17 and Mec3 at the ssDNA-dsDNA junction of tailed DNAs (Majka and Burgers, 2003) . Once loaded, the clamp promotes downstream events such as Mec1 (the homolog of ATR) activation. The Ddc1-Rad17-Mec3 clamp is referred to as the '9-1-1' complex (Rad9-Rad1-Hus1) in other organisms (Sancar et al., 2004) ; we will therefore refer to the Ddc1-Rad17-Mec3 complex in budding yeast as the 9-1-1 clamp, for simplicity. The Mec1 kinase is recruited and activated on replication protein A (RPA)-coated ssDNAs (Zou and Elledge, 2003) . In meiosis, as in mitosis, DNA damage response proteins can induce delays in entry into the first meiotic division (MI) when meiotic recombination is impaired. For example, dmc1 mutants, which lack the key meiotic strand exchange protein, arrest or delay before MI (Bishop et al., 1992) . This arrest/delay is alleviated by mutations in the DNA damage response genes (Lydall et al., 1996) . However, mutations in the DNA damage response genes induce meiotic delay in the timing of the first meiotic division rather than permitting earlier division as would be expected if their function were limited to regulatory surveillance of recombination intermediates (Shinohara et al., 2003a) . Thus, it is not clear if and how these proteins contribute to making downstream meiotic processes depend on completion of the 150-200 recombination events that occur during normal meiosis (Hochwagen and Amon, 2006) . It is clear that the proteins are involved in promoting normal recombination in addition to their role in promoting arrest when recombination is defective. For example, checkpoint proteins restrict the use of sister chromatids or repeated sequences at non-allelic (ectopic) sites as recombination partners (Grushcow et al., 1999; Thompson and Stahl, 1999) . Moreover, the Mec1 kinase phosphorylates a meiosis-specific chromosome component, Hop1, to promote interhomolog recombination (Carballo et al., 2008) . The Hop1 activation contributes to a DSB-dependent signaling pathway that activates the kinase Mek1, a key regulator of Rad51-Dmc1 dependent interhomolog recombination (Carballo et al., 2008; Hong et al., 2013) . Furthermore, one of the functions of DNA damage response proteins is the promotion of crossover formation (Grushcow et al., 1999; Shinohara et al., 2003a) . The overexpression of RAD51 or RAD54 partially suppresses meiotic and mitotic DNA repair defects of checkpoint mutants (Shinohara et al., 2003a) . Together these results show that the functions of the checkpoint proteins are not limited to surveillance of defective recombination events.
In this paper, we provide evidence for a role played by the DNA damage response clamp and clamp loader in the formation of crossovers during meiosis through the ZMM assembly. Importantly, the checkpoint kinase, Mec1 is not required for the ZMM assembly. Zip3 binds to the 9-1-1 clamp in vitro. These suggest that the 9-1-1 clamp promotes the loading of ZMM proteins at sites destined to form crossovers through proteinprotein interactions.
RESULTS
The 9-1-1 clamp promotes the assembly of the ZMMcontaining complex Previous studies have demonstrated that checkpoint mutants are defective in synaptonemal complex formation (Grushcow et al., 1999; Shinohara et al., 2003a) . In budding yeast, synaptonemal complex assembly depends on the formation of interhomolog crossover intermediates (Börner et al., 2004) ; therefore, defects in mutants involved in homologous recombination might indirectly impair synaptonemal complex assembly. However, cytological analysis revealed little defects in DSB-dependent assembly of Rad51-Dmc1 in mutants lacking a 9-1-1 clamp or clamp loader component, although the turnover of Rad51 and Dmc1 foci was delayed in the checkpoint mutants (Shinohara et al., 2003a) . This delay suggests that the 9-1-1 clamp and clamp loader plays a role in the process that follows Rad51-Dmc1 assembly and raised the possibility that the 9-1-1 clamp and clamp loader might also be involved in promoting synapsis during a post-strand-invasion step. It is known that ZMM proteins promote the formation of synaptonemal complexes as well as the maturation of joint molecules -processes that occur during or after the strand exchange process (Börner et al., 2004) . We therefore asked whether the checkpoint clamp and clamp loader mutants affect the recruitment of ZMM proteins to meiotic chromosomes (Fig. 1) . We examined the localization of ZMM proteins -Zip3, Msh5 and Spo22 -in 9-1-1 clamp/clamp loader-defective mutants (Fig. 1) . The extent of synaptonemal complex elongation was also monitored using Zip1 staining. As described previously (Grushcow et al., 1999) , the checkpoint clamp and clamp loader mutants such as the rad17, rad24, and mec3 were defective in Zip1 elongation ( Fig. 1A-C) . Consistent with a defect in synaptonemal complex assembly, the mutants formed a polycomplex, an aggregate of synaptonemal complex-associated proteins, including Zip1 (Sym et al., 1993) . The rad17, rad24 and mec3 mutants showed reduced ZMM assembly on chromosomes (Fig. 1) . The number of ZMM foci, such as those formed by Zip3, was greatly reduced in the rad24 clamp loader mutant compared to the wild type. In the wild type, ,59.5614.9 (mean6s.d.) Zip3 foci were detected on chromosomes at 4 hours (Fig. 1E) . By contrast, the average number of Zip3 foci in the rad24 mutant was 2266.6 (Fig. 1E) . This difference was statistically significant as determined by a Mann-Whitney's U-test (P51.2610
26
). A similar defect is also observed in the 9-1-1 clamp mutant rad17 (Fig. 1F) . Time course analysis indicated defective assembly of Zip3 foci in the rad17 mutant at 3 hours, 4 hours and 6 hours ( Fig. 1F) . At 6 hours, the number of foci was slightly higher than that observed at earlier time points (4 hours; P56.4610 25 ), but was much lower than that of the wild type (at 4 hours, P59.6610
23
). The rad24 mutant also showed reduced numbers of Msh5 foci compared to the wild type (Fig. 1G) . Furthermore, the number of Msh5 foci was also reduced in the other clamp mutant, mec3 (Fig. 1G) . Thus, defects in the loading of two different ZMM proteins were observed in clamp and clamp loader mutants.
Previous studies have shown that, in response to aberrant recombination, the meiotic recombination checkpoint induces an arrest at pachytene (reviewed by Hochwagen and Amon, 2006) . The pachytene arrest is mediated by the inactivation of the transcription activator Ndt80, which promotes the transcription of genes necessary for the exit from pachytene (Chu and Herskowitz, 1998) . Thus, decreased numbers of ZMM foci in the checkpoint mutants may be the result of premature exit from pachytene. To exclude this possibility, we counted the numbers of Zip3 foci in the ndt80 and rad24 ndt80 mutants, both of which arrested at pachytene (Fig. 1A,H) . The ndt80 single mutant maintained a similar number of Zip3 foci to that in the wild type (58.8611.0 at 6 hours and 63.3612.6 at 8 hours). Importantly, similar to the rad24 mutant, rad24 ndt80 double mutant cells showed reduced numbers of Zip3 foci, to 20.768.7 and 23.269.9 at 6 hours and 8 hours, respectively (versus ndt80, P59.6610 23 and 9.6610 23 ). Therefore, the reduced numbers of ZMM foci observed in clamp-defective mutants are not the result of accelerated exit from prophase.
Interestingly, despite the overall dramatic reduction of Zip3 foci and linear Zip1 structures, a few Zip1 linear structures that formed in the checkpoint clamp and clamp loader mutants were associated with lots of Zip3 foci (Fig. 1A,D) . For example, the ). By contrast, the density of Zip3 foci along elongated Zip1 structures was similar between the wild type (5.0961.28 Zip3 foci/mm Zip1; n5128) and rad17 mutant (4.6862.10 foci/mm; n557). In addition, the Msh5 foci showed a similar localization pattern in the mec3 mutant (Fig. 1B) . Taken together, these results suggest that there might be two mechanisms for the loading of ZMM proteins: one that is dependent on the checkpoint clamp, and a second that is associated with elongation of the synaptonemal complex and is independent of clamp function.
The mec1 mutant is proficient in ZMM focus formation
Previous analysis has shown that the mec1 deletion mutant exhibits a similar reduction in crossovers and a similar increase ectopic recombination as observed in 9-1-1 clamp mutants (Grushcow et al., 1999) . Therefore, we asked whether a mec1 sml1 double mutant displays a similar defect in Zip3 focus accumulation to that seen in 9-1-1 mutants. Mutations in SML1 suppress the lethal effects of mec1 mutants allowing analysis of other mec1 functions. For simplicity the mec1 sml1 double mutant is referred to as 'the mec1 mutant' hereafter. We found that the number of Zip3 foci in the mec1 mutant was slightly higher than that in the wild type (68.8615.9 at 4 hours, mean6s.d.; Fig. 1A ,E). The number of Zip3 foci in the mec1 mutant is unlikely to depend on the sml1 mutation, since the number of Zip3 foci in the sml1 single mutant was analogous to that in the wild type at 4 hours (62.4614.5). In addition, we found that the number of the foci in the rad24 sml1 double mutant was 26.969.1 (n596; supplementary material Fig. S1A ), which was indistinguishable from that in the rad24 mutant (27.168.6). These data suggest that the function of Mec1 differs from that of the 9-1-1 clamp/clamp loader in that it exerts little or no influence on the recruitment of Zip3 to meiotic chromosomes.
9-1-1 recruitment is normal in zmm mutants
It has been previously shown that Ddc1-Myc forms foci on meiotic chromosomes (Hong and Roeder, 2002) . To further study the localization of clamp components, we constructed a strain in which Mec3 and Rad17 were fused to HA and Flag epitope tags, respectively, and found that both tagged diploids form spores exhibiting wild-type viability and nearly normal DNA damage sensitivity (data not shown). For immunostaining, we also prepared antibodies against Mec3 and Rad17, which revealed a punctate staining pattern of Mec3-HA (Mec3), Ddc1-Flag, and Rad17 on meiotic chromosomes ( Fig. 2A,B ; supplementary material Fig. S2A ). The anti-Mec3 antibody did not stain the chromosomes of a mec3 deletion mutant, indicating that the staining observed in wild-type strains was specific to Mec3 (Fig. 2B ). Anti-Rad17 detected signals specific to wild-type cells, not to rad17 cells, but with a high background ( Fig. 2A ; supplementary material Fig. S2B ). Double staining indicated that the colocalization frequency of Ddc1-Flag and Rad17 was 70% at 4 hours (n520; Fig. 2A ), although we observed some competition between the antibodies against the clamp components; double staining weakened the signal intensity compared to single staining (data not shown). These data confirmed that the 9-1-1 clamp formed a distinct assembly on meiotic chromosomes. We opted to use the anti-Mec3 antibody in the experiments described below because it produced brighter and more specific staining patterns than the anti-Rad17 antibody.
Previous results have shown that Ddc1 is recruited to meiotic chromosomes (Hong and Roeder, 2002) . Immunostaining revealed punctate staining of Mec3 and Rad17 on meiotic chromosomes in wild-type cells ( Fig. 2A,B) . Consistent with previous results, Mec3 foci formation was abolished in spo11-Y135F and rad50S mutants (Alani et al., 1990; Keeney et al., 1997) , which are deficient in DSB formation and resection, respectively (Fig. 2B) . Moreover, the formation of Mec3 foci depended on the checkpoint clamp loader Rad24 as well as the clamp components Rad17 and Ddc1 (Fig. 2B ). These data support the model in which checkpoint proteins bind ssDNA as a heterotrimeric complex in a Rad24 clamp-loader-dependent manner.
To determine the relationship between the checkpoint clamp and ZMM proteins on chromosomes, we next analyzed the localization of the 9-1-1 clamp in various zmm mutants (Fig. 2B ). The number of Mec3 foci in the zip3 mutant at 4 hours was slightly higher than that in the wild type (54.4611.8 versus 49.7615.2, mean6s.d.; Fig. 2C ), possibly due to delayed DSB turnover in the mutant (Börner et al., 2004) or increased DSB formation (Thacker et al., 2014) . The number of Mec3 foci in other zmm mutants, such as msh5 and spo22/zip4, was also statistically indistinguishable from that in the wild type (P50.25 for wild type versus msh5, Fig. 2C ). These results suggest that Mec3 loading on chromosomes is independent of ZMM function.
Mec3 colocalizes with Rad51 and Dmc1 on meiotic chromosomes
Given previous evidence for a genetic interaction of Rad17 and Rad24 with Rad51 and Rad54 in meiotic recombination (Shinohara et al., 2003a) , we also determined whether the 9-1-1 clamp colocalized with recombination proteins on meiotic chromosomes. To assay for colocalization of the clamp with Rad51, spreads of meiotic chromosomes were immunostained for both Mec3-HA and Rad51 (Fig. 2D ). Meiotic time-course analysis revealed that the kinetics for the appearance and disappearance of the Mec3 focus was similar to that of Rad51 (Fig. 2E ). The average steady-state number of Mec3 foci was 50615.2 (mean6s.d., n5108) at 4 hours (also see Fig. 2C ), which was similar to that of Rad51 (53.761.7 foci per nucleus). At 4 hours, ,76.968.6% of Mec3-HA foci colocalized with Rad51 foci (n522), which is much higher than the proportion predicted for fortuitous colocalization (12%) (Gotta et al., 1996) . We also assayed the colocalization of Mec3 with the meiosisspecific RecA homolog Dmc1 (Bishop et al., 1992) . Triple staining for Rad51, Dmc1 and Mec3 ( Fig. 2D ; supplementary material Fig. S2C ) also showed extensive colocalization, as expected given the high colocalization of Rad51 and Dmc1 (Bishop, 1994; Shinohara et al., 2000) . The extensive colocalization supported the hypothesis that Mec3, and anti-HA) and Rad51 (red) foci in the wild type. At each time point, more than 100 spreads were examined for Rad51-foci-or Mec3-HA-foci-positive nuclei (with more than five foci). (F) Formation of Rad51 (red) and Mec3 foci (green) was analyzed in various strains (wild type, rad51, rad52 and rad17). Scale bars: 4 mm. therefore the 9-1-1 clamp, functions concurrently with Rad51 and Dmc1 at sites of recombination.
Previous mutant studies have shown that Rad51 focus formation is independent of the checkpoint clamp (Lydall et al., 1996; Shinohara et al., 2003a) . To determine whether the checkpoint clamp focus formation is independent of Rad51 assembly, we immunostained for Mec3 in mutants lacking Rad51 or the Rad51-assembly mediator Rad52 (Gasior et al., 1998; Miyazaki et al., 2004; Shinohara and Ogawa, 1998) . These showed that the rad51 and rad52 mutants were proficient in the formation of Mec3 foci (Fig. 2F) . Thus, the 9-1-1 clamp is recruited to meiotic chromosomes in a Rad51-independent manner. We also confirmed that formation of the Rad51 foci occurred normally in the rad17 mutant (Fig. 2F) . Therefore, Rad51 and the 9-1-1 clamp were recruited to meiotic chromosomes independently of one another.
A subset of Mec3 foci colocalize with Msh5 foci on meiotic chromosomes
Given the dependency of ZMM protein assembly on the 9-1-1 clamp, we asked whether foci formed by the ZMM and 9-1-1 proteins colocalized. This analysis was complicated by the fact that not all the foci formed by ZMM proteins mark sites of recombination intermediates (Serrentino et al., 2013; Tsubouchi et al., 2006) . Zip1 and Zip3 display high levels of colocalization to foci formed by centromeric proteins in mutants that have a block in the recombination pathway prior to formation of ssDNA (Tsubouchi and Roeder, 2005) . Double staining of Zip1 and Msh5 in the spo11-Y135F and rad50S mutants showed that Zip1 forms foci on chromosomes as well as a Zip1 polycomplex (Fig. 3A) , with foci likely marking centromeres (Tsubouchi and Roeder, 2005) . In contrast, there was no significant focal staining pattern for Msh5 on chromosomes in either the spo11-Y135F or the rad50S mutant, with the exception of signal localizing to Zip1 polycomplex. These findings indicate that, in contrast to Zip1 and Zip3, the loading of Msh5 on chromosomes largely depends on DSB formation and DNA-end processing, and suggests that Msh5 does not bind centromeres with Zip1 and Zip3. Thus, to circumvent the complication of DSB-independent foci, we studied the localization pattern of Msh5 relative to the 9-1-1 component Mec3. Double staining of Msh5 and Mec3 revealed frequent overlapping or side-by-side staining of foci on wild-type chromosomes (Fig. 3B, arrows and arrowheads) . We found that 8067.3% (mean6s.d., n523) of Msh5 foci overlapped or lay side-by-side with foci formed by Mec3 at 4 hours. At the same time, 71611% (n523) of Mec3 foci overlapped, or lay side-byside with the Msh5 foci. However, using a more stringent criterion for colocalization, where only foci displaying more than 50% overlap in signal were counted, we found that only 20% of the Mec3 foci colocalized with Msh5 foci. This level of colocalization, although low, is nonetheless significantly higher than that predicted for fortuitous colocalization (11%; Gotta et al., 1996) . It should be noted that colocalization analysis cannot provide definitive evidence for a role for direct protein-protein interaction in recruitment of foci, even when colocalization frequencies are high. At the same time, the data do not exclude the possibility that direct interactions contribute to the role of 9-1-1 in promoting ZMM focus formation because such interactions could be short-lived and/or disrupted by the spreading procedure. Indeed, there is precedent for pairs of proteins protein that are known to have functionally significant protein-protein interactions in vitro, but to display low levels of colocalization in vivo. This precedent includes are Rad51 and Rad52, which are known to bind one another directly but to display a similar low level of colocalization (25%; Gasior et al., 1998 ). Thus, the low level of Mec3-Msh5 colocalization observed is not inconsistent with a role of direct interactions in 9-1-1-dependent ZMM loading.
To further examine the interaction between Mec3 and ZMM proteins, we measured colocalization with Zip1 polycomplexes. Several ZMM proteins localized to Zip1 polycomplexes in mutants defective in synapsis. Colocalization of a protein with a polycomplex-associated ZMM protein is consistent with direct or indirect protein-protein interaction (Tsubouchi et al., 2006) . We found that Mec3 localized to Zip1 polycomplex in mutants defective in meiotic recombination such as spo11-Y135F and rad50S ( Figs 2B, 3C, arrows) . Importantly, Mec3 localization to the Zip1 polycomplex was lost in the rad17 and ddc1 9-1-1 clamp mutants but not in the clamp-loader mutant rad24 (Fig. 2B) . These findings suggest that Mec3 associates directly or indirectly with the Zip1 polycomplex in a manner that depends upon formation of the 9-1-1 complex. We quantified the fraction of the Mec3 foci that colocalized with Zip1 polycomplexes and found that 90% (n574) and 79% (n580) of Zip1 polycomplexes colocalized with Mec3 foci or patches in the spo11-Y135F and rad50S mutants, respectively (Fig. 3D ). This localization pattern did not reflect a general tendency for recombination proteins to localize to polycomplexes, given the fact that Rad51 did not localize to polycomplexes in the spo11 mutant (supplementary material Fig. S2D ). Further analysis showed that zmm mutations reduced the localization of Mec3 to the polycomplex ( Fig. 2B;  Fig. 3D ). The msh4 and msh5 mutants exhibited significant reductions in Mec3 colocalization to polycomplexes to 40% (n584) and 44% (n583), respectively -closer to that predicted for fortuitous colocalization (35%). Thus, Mec3 localization to polycomplexes was significantly dependent on Msh4 and Msh5. In contrast, the Mec3 localization showed less dependency on Zip3 and Spo22/Zip4, with the corresponding mutants exhibiting 72% (n595) and 73% (n5111) colocalization of polycomplexes with Mec3 foci, respectively. The signal intensity of Mec3 on polycomplexes was weaker in the zip3 and spo22 mutants than in the spo11 and rad50S mutants (Fig. 2B) . This might be due to a lower level of free Mec3 proteins available for polycomplex localization in the zip3 and spo22 mutants, given that these mutants have more chromosome-bound Mec3 (see Fig. 2B ).
The ZMM proteins, Spo22, Spo16, Msh4 and Msh5 localized to Zip1 polycomplexes in a unique bipolar manner (i.e. they form two staining foci on opposite ends of the polycomplex), whereas Zip3, Zip2 and Mer3 localized to the central region of the polycomplex ( Fig. 1A-C ; Shinohara et al., 2008; Tsubouchi et al., 2006) . In 43% of the nuclei in the spo11-Y135F mutant, Mec3 displayed the bi-polar pattern and, importantly, colocalized with Msh5 in this localization pattern (Fig. 3C) , suggesting a possible link between Msh4-Msh5 and the 9-1-1 clamp.
Interaction of Zip3 with the checkpoint clamp in vitro
We confirmed Ddc1-Rad17-Mec3 complex formation in meiotic cell lysates of DDC1-Flag and DDC1-Flag RAD17-HA strains by immunoprecipitation. Immunoprecipitation using the anti-Flag antibody was successful in pulling down Ddc1-Flag and Mec3 from both strains, and in pulling down Rad17-HA from the DDC1-Flag RAD17-HA cells (Fig. 4A ). This indicates that Ddc1, Rad17 and Mec3 bind one another during meiosis as expected.
Given that Zip3 functions upstream of other ZMM proteins , we examined the interaction of Zip3 with the checkpoint clamp. However, Zip3 protein, like other ZMM proteins is insoluble in yeast cell lysates and when expressed in Escherichia coli (K.H. and M.S., unpublished results). To promote efficient solubilization of the Zip3 protein, we used the extremely acidic FATT(-Myc) epitope tag (Sangawa et al., 2013) and found that the FATT-tagged Zip3 protein was soluble in E. coli lysates. The FATT-Zip3 was bound to magnetic beads coated with anti-Myc antibodies and incubated with extracts of yeast meiotic cells expressing RAD17-HA DDC1-Flag. After extensive washing, the presence of proteins was verified by western blotting of fractions eluted from the beads. Mec3 protein was eluted from FATT-Zip3-coated beads but not from the control FATT-GFP-coated beads (Fig. 4B) . The signal on western blots was absent from the eluates of protein-bound beads prepared using cell extracts from a mec3 deletion strain. This control demonstrated that the western blot signal was specific for Mec3. Moreover, the eluate contained Ddc1-Flag as well as Rad17-HA. Taken together, the results provide evidence for a physical interaction between Zip3 and the 9-1-1 clamp. It is unlikely that this interaction was mediated by DNAs in the lysate because we treated both of the E. coli and yeast lysates extensively with DNase I (see Materials and Methods). In addition, the interaction between Zip3 and 9-1-1 was not due to the presence of HA and Flag tags because Mec3 bound to FATTZip3 in wild-type cell extracts (supplementary material Fig. S3 ). The ability of Zip3 to bind clamp components supports a model in which direct protein-protein interaction contributes to 9-1-1-dependent assembly of ZMM proteins at sites of meiotic recombination.
The checkpoint clamp loader promotes interhomolog bias
A previous study has analyzed the effect of the rad17 mutation on interhomolog bias for joint molecule formation in the background of the ndt80, which induces pachytene arrest (Ho and Burgess, 2011) . We examined the effect of the clamp loader mutant rad24 on the relative abundance of interhomolog and intersister recombination intermediates at a recombination hotspot, HIS4-LEU2, using two-dimensional gel electrophoresis (Schwacha and Kleckner, 1994 ; Fig. 5A-C; supplementary material Fig. S4A,B) . Meiotic time-course analysis of joint molecules showed that the rad24 mutant reduced steady-state levels of dHJs compared to the wild type (2.4-fold) and delayed turnover of the joint molecules. Interhomolog dHJs were decreased by 6.5-fold, whereas intersister dHJs were increased by 1.7-fold at 5 hours in the rad24 mutant relative to the wild type. These results confirmed and extended the conclusion that the 9-1-1 clamp and clamp loader influence Rad51-Dmc1-mediated partner choice.
To elucidate the role of Rad51-dependent interhomolog bias in ZMM assembly, we analyzed Zip3 focus formation in the rad51 mutant. The rad51 mutant was proficient in the assembly of Zip3 foci on meiotic chromosomes (Fig. 5D) . The average number of Zip3 foci in the rad51 mutant was 70.3615.3 (mean6s.d., n5122), which was slightly higher than that in the wild type (63.8615.9; Fig. 5E ). These results suggest that Rad51-dependent interhomolog bias is independent of the assembly of the Zip3 complex. We also analyzed the effect of the rad51 mutation on Zip3 focus formation in the absence of the RAD24 and found that an average Zip3 focus number in the rad24 rad51 mutant was 19.268.0 (n5147) at 4 hours, which is indistinguishable from that in the rad24 mutant (supplementary material Fig. S1B ). This suggests that Rad51 does not affect Zip3 assembly in the absence of the checkpoint clamp loader.
DISCUSSION
ZMM proteins play a key role in the formation of meiotic crossovers. However, the mechanism by which ZMM proteins are recruited to meiotic chromosomes and/or DSB sites remains to be elucidated. In this study, we have demonstrated that the DNA damage checkpoint clamp, 9-1-1, and its loader containing Rad24 play a role in crossover formation during meiosis by recruiting ZMM proteins. The results presented in this paper also extend data from previous studies (Ho and Burgess, 2011) by showing that the clamp is necessary for interhomolog bias during normal meiotic progression. Given that meiotic defects in the absence of the 9-1-1 clamp and its loader containing Rad24 are very similar, it is likely that meiotic role of Rad24 is to recruit the clamp to meiotic recombination intermediates. Alternatively, both the clamp and the loader might work together for these meiotic functions. Thus, the clamp plays two distinct roles in regulating the progress of meiotic recombination events, in addition to its role in DNA damage response signaling (Fig. 6 ).
The 9-1-1 clamp promotes ZMM loading Given that the checkpoint proteins cooperate with Rad51-Dmc1 in crossover formation, impaired Rad51-Dmc1 function in the checkpoint mutant might underlie the defects observed in downstream events such as ZMM assembly. However, this mechanism is unlikely because, unlike clamp-defective mutants, both rad51 and dmc1 mutants are proficient in Zip3-focus formation ( Fig. 5 ; Lao et al., 2013) . These findings led us to the hypothesis that the 9-1-1 clamp, in addition to its role in homolog bias, is necessary for the efficient recruitment and/or stabilization of ZMM proteins along the developing synaptonemal complex. Consistent with this idea, we observed that the ZMM protein Zip3 bound to the clamp containing Mec3, Rad17 and Ddc1 in vitro (Fig. 4) . A possible mechanism is that, during normal meiosis, the 9-1-1 complex recruits Zip3 to future crossover sites. However, the polycomplex localization results imply that there is additional complexity in the interactions between the 9-1-1 clamp and ZMMs. The localization pattern of Mec3 to Zip1 polycomplex was bipolar, a specific pattern observed for a subset of ZMM proteins, including Msh4, Msh5 and Spo22/Zip4, and was distinct from the pattern of Zip3-polycomplex colocalization (Tsubouchi et al., 2006) . Furthermore, msh4 and msh5 mutants, but not spo22/zip4 or zip3 mutants, showed reduced localization of Mec3 to the Zip1 polycomplex. This indicates that Msh4-Msh5 is crucial for proper Mec3 localization on the polycomplex. These data suggest two possible modes of interaction between 9-1-1 and ZMM proteins. First, the DSB-bound 9-1-1 clamp might interact with Zip3 to stabilize ZMM proteins on meiotic chromosomes (Serrentino et al., 2013) . Second, the checkpoint clamp might interact with Msh4-Msh5, a meiosis-specific MutS-c complex, which can recognize DNA structures in meiotic recombination intermediates (Snowden et al., 2004) for the formation and/or regulation of crossover.
Most joint molecules in wild-type meiosis are formed through the ZMM-dependent pathways (Börner et al., 2004) . The 9-1-1 clamp and clamp loader mutants reduced total joint molecule formation (this work; Ho and Burgess, 2011) , indicating that the clamp is required to maintain normal levels of joint molecule formation. Given that mutations that disrupt the clamp function largely decreased interhomolog dHJs and slightly increased intersister dHJs, it appears that the function of the clamp is indispensible for ZMM-dependent interhomolog joint molecules rather than interhomolog bias (Fig. 6) ; this function can likely be explained by the role of the clamp in ZMM assembly. Previous studies (Grushcow et al., 1999; Shinohara et al., 2003a) have shown a modest reduction of crossover at an artificial recombination hotspot, HIS4-LEU2, in the rad17 and rad24 mutants whereas the zmm mutants decreased crossovers to half of those in the wild type. The modest reduction of crossover in the checkpoint mutant can be explained by residual ZMM assembly (Fig. 1) . Alternatively, this could be due to a locusspecific effect. Our recent genetic analysis showed the of the rad24 mutant decreased crossover frequencies by about half on three intervals on chromosome V (MS, unpublished result).
Mec1 is not important for ZMM assembly
The 9-1-1 clamp and clamp loader often function in concert with the effector kinase, Mec1, not only during mitosis but also in meiosis (MacQueen and Hochwagen, 2011); the mec1 and clamp mutants showed very similar defects in Hop1 phosphorylation, meiotic ectopic recombination, DSB control and recombination checkpoint control (Carballo et al., 2008; Gray et al., 2013; Grushcow et al., 1999; Lydall et al., 1996) . By contrast, we found that the clamp and clamp loader mutants were phenotypically different from the mec1 mutant with respect to ZMM assembly. Although the number of Zip3 foci in the mec1 mutant was normal and similar to that of the wild type, clamp mutants showed a reduced number of Zip3 foci by about 2-fold. Thus, it appeared that one of the functions of the clamp is involvement in the formation of Zip3 foci in a Mec1-kinase-independent fashion. It should be noted, however, that yeast possesses Tel1 (the homolog of ATM), which displays partial redundancy with Mec1 in some assays (Carballo et al., 2008) . Therefore, the proficiency of ZMM assembly in the mec1 mutant could be the result of redundant Fig. 6 . A model of functions of the checkpoint clamp and clamp loader in crossover formation. Four possible pathways of meiotic recombination are shown. Rad51 and Dmc1 cooperate in pathways that display interhomolog bias (three leftmost pathways). Together with Rad51-Dmc1, the 9-1-1 clamp and Mec1 suppress intersister and ectopic recombination (right pathway). ZMM proteins specifically promote the 'crossover-only' pathway (third pathway from the left) by processing interhomolog joint molecules -this depends on Hop1-Red1-Mek1. The 9-1-1 clamp, but not Mec1, facilitates ZMM function on the crossover-only pathway. ZMM proteins might also promote intersister joint molecule formation. Non-crossover formation is independent of ZMM proteins (the leftmost pathway). Even in the absence of ZMM function, interhomolog joint molecules are formed (the second pathway from the left). In this pathway, joint molecules are resolved into either crossover or NCO.
Tel1 activity. However, this is unlikely given that Tel1 is active in clamp mutants (Ho and Burgess, 2011) , which nonetheless exhibit defective ZMM assembly. Indeed, recent analysis of the mec1 tel1 sml1 triple mutant showed the normal assembly of Zip3 in this mutant (M.S., unpublished results), supporting the ATRand ATM-independent role of the 9-1-1 clamp and clamp loader in ZMM-dependent recombination.
As described above, interhomolog crossover formation requires the ZMM-dependent joint molecule that follows interhomolog bias (Fig. 6) . The crossover defect in the mec1 mutant could be explained primarily by the defect in the bias. The same is true for the clamp and clamp loader mutants. However, the clamp and clamp loader mutants exhibit an additional defect in ZMM loading, whose effect on crossover formation might be hidden by the upstream defect in the interhomolog bias.
DNA damage response proteins versus Rad51-Dmc1 in interhomolog bias
Previous studies have demonstrated an intimate relationship between DNA damage response proteins and Rad51 in both mitotic DSB repair and meiotic recombination (Shinohara et al., 2003b) . This relationship during recombination was suggested by phenotypic similarities between the rad51, dmc1 hed1 and the checkpoint mutants -reduced crossovers (decreased interhomolog joint molecules), decreased NCOs and increased ectopic recombination. In addition, we observed high colocalization frequencies of the 9-1-1 clamp components, for example, Mec3 with Rad51 and Dmc1 (Fig. 2D) . Moreover, the kinetics of the appearance and disappearance of chromosomal foci of Mec3 and Rad51 were also very similar. Therefore, although the checkpoint clamp and Rad51 were recruited to single-stranded DSB ends independently of one another (Shinohara et al., 2003a) , the two components function concurrently at the same sites to promote the progression of recombination intermediates during meiosis. In the absence of Rad51, intersister joint molecules were increased and interhomolog joint molecules decreased to a similar extent, suggesting a simple redistribution of joint molecule intermediates from homolog to sister (Hong et al., 2013; Lao et al., 2013; Schwacha and Kleckner, 1997) . Taken together, these findings delineate a crucial role for Rad51-Dmc1 cooperation in interhomolog bias for meiotic recombination. However, Rad51-Dmc1 cooperation is not sufficient to ensure homolog bias; loading of the checkpoint clamp is also required. One key role played by 9-1-1 in partner choice likely involves the activation of the Hop1-Red1-Mek1 kinase pathway, given that the red1 and mek1 mutants have been previously shown to be defective in homolog bias (Goldfarb and Lichten, 2010; Kim et al., 2010; Schwacha and Kleckner, 1997) and that 9-1-1 signaling activates Mek1 (Carballo et al., 2008) . This idea is supported by the observation that Rad17 and Ddc1 bind to Red1, an activator of Mek1 (Eichinger and Jentsch, 2010) . Taken together, these results indicate that a key function of the clamp is to promote interhomolog bias through Mek1 activation and thereby regulation of Rad51-Dmc1.
The 9-1-1 clamp and clamp loaders are necessary for meiosis in other organisms. In fission yeast, which lacks ZMM proteins (and also a synaptonemal complex), the clamp and clamp loader are required for efficient intragenic recombination (Shimada et al., 2002) . In mice, the clamp is localized to meiotic chromosomes as seen in the budding yeast (Freire et al., 1998; Lyndaker et al., 2013) . In a conditional knockout mouse of one of 9-1-1 components, Hus1A, DSB repair is delayed with normal assembly of Rad51/Dmc1, but with abnormal synaptonemal complex formation (Lyndaker et al., 2013) . These are reminiscent for the meiotic phenotypes of checkpoint mutants in budding yeast, suggesting some conservation of functions of 9-1-1 clamp and clamp loader during meiotic recombination. Further studies are necessary to reveal role of these protein complexes in crossover and synaptonemal complex formation in higher eukaryotes.
MATERIALS AND METHODS

Strains and plasmids
All strains described here are derivatives of SK1 diploids, NKY1551 and MSY831/832. MEC3-3HA, RAD17-3HA, and DDC1-3FLAG were constructed by a PCR-based tagging methodology (De Antoni and Gallwitz, 2000) . Strain genotypes are given in supplementary material Table S1 .
Anti-sera and antibodies
Anti-HA antibody (16B12; Covance), anti-Flag (M2, Sigma; anti-DYKDDDDK 1E6, Wako), anti-c-Myc (MC045; Nacalai Tesque), anti-GFP (8372-2; Clontech), rabbit anti-Dmc1 and guinea pig anti-Rad51 (Shinohara et al., 2000) antibodies were used for staining. Anti-Zip1, -Zip3, -Spo22/Zip4 and -Msh5 have been described previously Zhu et al., 2010) . Open-reading frames of Mec3 and Rad17 were PCR-amplified and inserted into pET21a plasmid (Novagen) resulting in the addition of hexahistidine to the C-terminus. Fusion proteins with hexahistidine were affinity-purified and used for immunization (MBL Co. Ltd). Secondary antibodies conjugated to Alexa Fluor 350, 488 and 594 dyes were used for immunostaining.
Cytology
Immunostaining of chromosome spreads was performed as described previously (Shinohara et al., 2000) . Stained samples were observed using an epi-fluorescent microscope (AxioPlan; Zeiss) with a 1006 objective (NA1.4). Images were captured by a CCD camera (Retiga; Qimaging) at room temperature, and then processed using IPLab (Sillicon) software. For foci counting, more than 100 nuclei were counted at each time point. Colocalization is defined as >50% overlap (Shinohara et al., 2000) . The frequency of fortuitous colocalization was calculated by 'Dotstat' software (Gotta et al., 1996) . In the case of fortuitous colocalization of Zip1 polycomplex with Msh5 foci, we performed manual rotation of 180f or fortuitous colocalization (Gasior et al., 1998) . The length of Zip1 lines was measured using IPLab.
Analysis of meiotic recombination
Time-course analysis of events in meiosis and the cell cycle progression was performed as described previously (Shinohara et al., 1997) . Twodimensional gel analysis of branched recombination intermediates was also carried out following published methods .
Zip3 pulldown assay
A ZIP open reading frame was placed under the control of the T7 promoter of an expression vector, pFATT3 (Sangawa et al., 2013) by the SLIC method (Li and Elledge, 2007) . FATT-Zip3-expressing E. coli cells were disrupted by sonication in lysis buffer (50 mM Hepes-KOH pH 7.5, 300 mM KCl, 20% v/v glycerol, 1 mM NaVO 3 , 60 mM bglycerophosphate and 0.1% v/v NP-40) and cell lysates were applied to magnetic beads (GE Healthcare) coated with anti-c-Myc antibodies. Then, the beads were incubated with yeast extracts prepared in lysis buffer from cultures incubated in SPM medium for 4 hours with SPM medium. Yeast cell lysates were prepared as described previously (Sasanuma et al., 2013) . Briefly, cells were collected and suspended in the buffer supplemented with protease inhibitor cocktail (Sigma). Cells were disrupted with glass beads (Yasui-kikai), and lysates were recovered and used for the pull-down assay. The lysates from E. coli and yeast cells were treated with DNase I (Takara, 25 units/ml for E. coli and 14 units/ml for yeast) for 0.5 hours at 37˚C by adding MgCl 2 to a final concentration of 5 mM. The beads were incubated with the yeast lysates for 1.5 hours at 4˚C and then recovered using a magnetic stand. After extensive washing with the same buffer, bound fractions were eluted with Laemmli sample buffer.
Mec3 and Ddc1-Flag were detected using anti-Mec3 and anti-Flag antibodies, respectively. To detect Rad17-HA on membranes, we used Mouse TrueBlot(r), anti-Mouse IgG Biotin (Rockland), which was visualized with an Alexa-Fluor-680-streptoavidin conjugate. (B) Quantification of numbers of Zip3 foci was carried out in the rad24 rad51 mutant as well as wild type, the rad51 and the rad24 mutant. 
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